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3 吨位叉车共 5 台，实验地点在郊外空旷的测试场
地，周围近百米内无障碍建筑物，采集点设置在驾驶
室司机耳旁位置和驾驶室前、后、左、右 1. 5 m 司机
站立高度耳旁位置;在发动机怠速和额定转速工况
下进行噪声样本采集，经过声音的回放监听，截取了
30 个长度为 5 s 的噪声样本作为主观评价对象，随














Table 1 Annoyance grade of subjective evaluation
烦躁度 评分 烦躁度 评分 烦躁度 评分
非常坏 1 不满意 5 好 9
坏 2 可接受 6 很好 10
很差 3 满意 7 极好 11














平均相关系数作为标准，剔除相关系数低于 0. 75 的
6 人。对剩余的评价结果进行 K-均值聚类分析，聚











4 20 24 2
表 3 样本的主客观参数










1 3. 32 37. 95 2. 6 0. 186 0. 057 6
2 6. 6 89. 85 4. 19 0. 294 0. 078 6
     
25 7. 56 96. 65 4. 2 0. 253 0. 079 3
26 4. 72 39. 9 2. 75 0. 181 0. 053 8
27 7. 64 101. 5 3. 57 0. 376 0. 092 8
28 8. 6 107 4. 3 0. 259 0. 078 4
29 4. 88 38 2. 68 0. 157 0. 056 1

























x1(1) x1(2) … x1(5)
x2(1) x2(2) … x2(5)
  
































1 22 1 1 1 1 1
2 19 0. 949 5 1. 378 9 1. 275 4 0. 793 4 1. 547 8
      
25 3 0. 289 0. 306 0. 592 8 0. 395 2 0. 615 3
2. 3 偏差序列
将主观评价烦躁度序列 xi(1)
* (i = 1，2，…，25)






偏差序列 Δ0i 计算结果见表 5。由表 5 所提供
的数据可得:Δmin = Δ01 (k)= 0. 000 0;Δmax =
Δ03(4)= 0. 616 6。
表 5 偏差序列计算结果
Table 5 Calculation results of deviation sequence
序列号 样本号 Δ0i(1) Δ0i(2) Δ0i(3) Δ0i(4)
1 22 0 0 0 0
2 19 0. 429 4 0. 325 9 0. 156 1 0. 598 3
     







第 j个客观参数的灰色关联系数，分辨系数 ζ 设置
为 0. 5，Δ0i(j)表示第 i个样本的第 j个客观参数的






















1 22 1 1 1 1
2 19 0. 417 9 0. 486 1 0. 663 9 0. 340 1
     
25 3 0. 947 7 0. 503 7 0. 743 8 0. 480 5
表 7 灰色关联度










灰色关联度 0. 660 9 0. 527 2 0. 800 9 0. 551 8
由计算结果可得，响度、尖锐度、粗糙度和抖动
度等与主观评价烦躁度之间的灰色相关度最低为






















































Table 8 Cumulative generated data
x(1)i (1) x(1)i (2) x(1)i (3) x(1)i (4) x(1)i (5)
9. 92 127. 8 6. 79 0. 48 0. 136 2
12. 44 151. 1 8. 77 0. 612 0. 184 5
    
135. 36 1 533. 45 75 5. 521 1. 682 2
142. 92 1 630. 1 79. 2 5. 774 1. 761 5
3. 2 主观评价预测建模
灰色系统理论的 GM(0，N)模型可表示为
x(1)1 (k) = a + b2x
(1)
2 (k) + b3x
(1)













1 x(1)2 (2) x
(1)
3 (2) … x
(1)
N (2)
1 x(1)2 (3) x
(1)
3 (3) … x
(1)
N (6)
   
1 x(1)2 (N) x
(1)



















1 127.8 6.79 0.48 0.136 2
1 151.1 8.77 0.612 0.184 5
    










1 127. 8 6. 79 0. 48 0. 136 2
1 151. 1 8. 77 0. 612 0. 184 5
    

1 1 630. 1 79. 2 5. 774 1. 761 5
、
Y = ［9. 92，12. 44，…，182. 92］T、α^ = ［a，b1，…，
bN］
T ，则参数序列 α^ 的最小二乘估计为 α^ =
(BTB)－ 1 BTY = ［a，b1，…，b4］
T = ［－ 4. 270 2，
0. 001 4，2. 106 2，9. 048 0，－ 42. 154 9］T。
则累积生成模型为
x(1)1 (k)= － 4. 270 2 + 0. 001 4x
(1)
2 (k)+ 2. 106 2 ×
x(1)3 (k)+ 9. 048 0x
(1)
4 (k)－
42. 154 9x(1)5 (k) (7)
由逆累积操作得叉车声品质主观评价预测模型:
x(0)1 (k + 1) = 0. 001 4［x
(1)
2 (k + 1)－ x
(1)
2 (k)］ +
2. 106 2［x(1)3 (k + 1)－ x
(1)
3 (k)］ +
9. 048 0［x(1)4 (k + 1)－ x
(1)
4 (k)］ －











Table 9 Error detection of prediction model
参数
样本序号
26 27 28 29 30
实际评价分数 4. 72 7. 64 8. 6 4. 88 8. 56
响度 Sone 39. 9 101. 45 107 38 118
尖锐度 Acum 2. 75 3. 57 4. 3 2. 68 4. 63
粗糙度 Asper 0. 181 0. 376 0. 259 0. 157 0. 258
抖动度 Vacil 0. 053 8 0. 092 8 0. 078 4 0. 056 1 0. 094 4
预测值 5. 127 7 7. 151 2 8. 244 5 4. 753 5 8. 271 9
误差 /% 8. 638 6. 400 4. 134 2. 592 3. 366
由表 9 预测模型检测结果显示，5 组检测样本
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Sound Quality Analysis and Prediction Modeling of Forklift
Trucks Based on Grey System Theory
ZHANG Ya-xiang，HOU Liang* ，BU Xiang-jian，ZHANG En-lai，SHI Wen-dong
(School of Aerospace Engineering，Xiamen University，Xiamen 361005，P． Ｒ． China)
［Abstract］ To discuss the application effectiveness of grey system theory in sound quality prediction modeling，
30 radiation noise samples of 5 different 3 tonnage forklifts under the conditions of idle and rated speed were taken
as the research object，and subjective evaluation experiment was carried out with grading method taking annoyance
as subjective evaluation index;the primary objective psychology acoustical parameters were calculated with Arte-
miS，and the loudness，sharpness，roughness and fluctuation were selected as the main analysis object;by using
the grey system theory，the correlation between the annoyance and the objective parameters of psychology was ana-
lyzed，and the correlation coefficient was obtained;it was proved that the correlation between the objective parame-
ters and the annoyance was high． Based on the GM(0，N)model of grey system theory，the prediction model of an-
noyance was established，and the error test of the prediction model was carried out;results showed that the predic-
tion model based on grey system theory had higher accuracy，that was to say and the prediction of value was more
close to human's subjective feelings．
［Key words］ radiated noise sound quality forklifts grey system theory prediction modeling
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